Ultraviolet (UV) radiation is the main physiological stimulus for human skin pigmentation. Within the epidermalmelanin unit, melanocytes synthesize and transfer melanin to the surrounding keratinocytes. Keratinocytes produce paracrine factors that affect melanocyte proliferation, dendricity, and melanin synthesis. In this report, we show that normal human keratinocytes secrete nitric oxide (NO) in response to UVA and UVB radiation, and we demonstrate that the constitutive isoform of keratinocyte NO synthase is involved in this process. Next, we investigate the melanogenic effect of NO produced by keratinocytes in response to UV radiation using melanocyte and keratinocyte cocultures. Conditioned media from UV-exposed keratinocytes stimulate tyrosinase activity of melanocytes. This effect is reversed by NO scavengers, suggesting an important role for NO in UVinduced melanogenesis. Moreover, melanocytes respond to NO-donors by decreased growth, enhanced dendricity, and melanogenesis. The rise in melanogenesis induced by NOgenerating compounds is associated with an increased amount of both tyrosinase and tyrosinase-related protein 1.
Introduction
The melanin pigmentary system of the human skin is based on two cell types, melanocytes and keratinocytes, interacting within a functional unit, the epidermal-melanin unit (1) . The functional activity of this unit, rather than the melanocyte alone, is the focal point for the determination of skin color. It now appears that keratinocytes, as well as receiving melanin, may also regulate both growth and differentiation of melanocytes (2) (3) (4) (5) . Ultraviolet (UV) radiation is the main stimulus for skin pigmentation; in vivo, it increases proliferation and melanization of melanocytes (6) . To stimulate melanogenesis, UV radiation can act directly on cultured melanocytes (7) (8) (9) or indirectly through the release of keratinocyte-derived factors (10) (11) (12) (13) (14) (15) . Production of basic fibroblast growth factor, endothelin-1 (ET-1), 1 and GM-CSF by keratinocytes is upregulated after UV light exposure, and these peptides stimulate melanocyte growth (16) (17) (18) (19) . In addition, ET-1 regulates human melanocytes' melanization via a receptor-mediated signal transduction pathway (20) . However, the concentration of ET-1 in keratinocyte-conditioned media is considerably lower than the concentration of ET-1 required to elicit a melanogenic effect (0.5 pM vs. 10 nM), suggesting that other soluble melanogenic mediators are present in keratinocyte-conditioned media (20) .
Interestingly, nitric oxide (NO) that is a diffusible free radical, displaying pleiotropic bioregulatory effects in diverse cells and tissues (21, 22) has been reported to be produced by melanocytes (23) and keratinocytes in response to proinflammatory cytokines (24, 25) . Moreover, NO contributes to erythema, in response to UVB light, by increasing blood flow in human skin microcirculation (26) . Thus, NO appears to be a potential UV mediator acting within the epidermal melanin unit. NO is synthesized by the enzyme NO synthase (NOS). Three NOSs were identified by cloning of their complementary and genomic DNAs (27) (28) (29) . One isoform seems confined to endothelium (ecNOS type III), while another one is largely but not exclusively expressed in peripheral and central neurons (cNOS type I). The third isoform (iNOS type II) is absent in most cells under normal conditions, but it can be induced in several cell types by stress signals from the immune and inflammatory systems (30, 31) .
In the present report, we first studied the effect of UVA and UVB on the production of NO by normal human keratinocytes. We found that UVA and UVB induce production of NO through the activation of cNOS type I. We showed that in presence of NO scavengers, the stimulatory effect on melanogenesis observed in the presence of irradiated keratinocytes is almost completely reversed. Additionally, we demonstrated that NO donors increase tyrosinase activity and melanin synthesis in human melanocytes. This effect is positively correlated with an increased amount of both tyrosinase and tyrosinase-related protein 1 (TRP-1), two enzymes involved in melanogenesis (8, 32) . Taken together, these findings support the hypothesis that NO is involved in the paracrine mediation of UV-induced melanogenesis.
Methods
Chemicals N -monomethyl-L -arginine (L-NMA), S-nitroso-N -acetylpenicillamine (SNAP), and 2 phenyl,4,4,5,5 tetramethylimidazoline, 1oxyl, 3oxide (carboxy-PTIO) were from Affiniti (Nottingham, UK). The (6R)-5,6,7,8-tetrahydro-L -biopterin dihydrochloride was from INC (Orsay, France). FMN, calmodulin, b-NADPH, sodium nitroprusside (SNP), and hemoglobin (Hb), were obtained from Sigma Chemical Co. (La Verpillère, France). L - [2-3-4-5-3 H]arginine (58 Ci/mmol, 1 mCi/ml) was from Amersham Laboratories (Les Ulis, France). All other products used for cell culture and biochemical analysis were obtained as previously reported (8, 33) .
Cell culture
Human melanocyte cultures were initiated from neonatal foreskins of caucasoid individuals and grown according to a modified method of Eisinger and Marko (34) as previously described (8) . 2 d before experiments, complete melanocyte growth medium was removed and replaced by minimum growth medium consisting of MCDB 153 containing 2% fetal calf serum, 5 g/ml insulin, and 30 g/ml bovine pituitary extract.
Human keratinocytes from neonatal foreskin were initiated into culture by the method of Rheinwald and Green (35) . The cells were subcultured and passaged in serum-free medium (KDM; PromoCell, Heidelger), according to Boyce and Ham (36) as modified by O'Keefe and Chiu (37) .
For coculture experiments, melanocyte cultures were obtained by plating 5 ϫ 10 5 cells onto 35-mm tissue culture multi wells (at the lower compartment of the melanocyte-keratinocyte coculture). Keratinocytes were seeded (5 ϫ 10 5 cells/24.5 mm) onto polycarbonate filters (Transwell; Costar, France), corresponding to the upper compartment of the melanocyte-keratinocyte coculture. During phototreatment, melanocyte-keratinocyte cocultures were grown in a mixture of KDM:minimal melanocyte growth medium (ratio 1:1). For control, melanocytes and keratinocytes alone were identically handled.
Ultraviolet irradiation
The source of ultraviolet radiation was a Vilber Lourmat stimulator (Marne la Vallée, France) fitted out with an ultraviolet (UV) A irradiation source composed of Vilber Lourmat tubes T-20.L-365 (no UVB, no UVC emission), a UVB irradiation source composed of Vilber Lourmat tubes T-20.M-312 (no UVA, no UVC emission), mercury vapor tubes, low pressure, hot cathodes with a Vilber Lourmat RMX-365/312 radiometer with microprocessor programmable in energy (millijoules/square centimeter) with time basis enabling six irradiation measurements per second for controlling the energy received by the sample. Keratinocytes were irradiated daily for 4 d with 300 mJ/cm 2 of UVA or 50 mJ/cm 2 of UVB. Nonirradiated keratinocytes were shielded from UV radiation by covering wells with taped lids. All cells were handled at room temperature during the time of whole photo treatment. The UVA and UVB doses used in this study correspond to 90-s and 5-min exposures to the midday sunlight in a highly sunny area like Arizona, where the irradiance of UVA and UVB radiations from the sunlight are, respectively, 6 and 0.2 mW/cm 2 (38). 24 h after the last irradiation, the cell viability was estimated by the Trypan blue exclusion method. After UVA and UVB treatments, we observed, respectively, 10 Ϯ 3.5 and 14 Ϯ 2% of dead cells (The numbers represent the mean of four dishes Ϯ SE).
NO is an extremely labile free radical with a very short half life (5 s -4 min); the duration of the irradiations is 3 min for UVA, 300 mJ/ cm 2 , and 90 s for UVB, 50 mJ/cm 2 . Thus, we have chosen to irradiate the melanocyte-keratinocyte cocultures in culture medium in order to avoid any loss of NO produced by UV-exposed keratinocytes during the manipulation. Nevertheless, we have evaluated the melanogenic potential of irradiated media by UVA and UVB lights on melanocytes. Irradiated media were not able to promote melanogenesis in these cells and had no effect on melanocyte proliferation.
NO donors treatment
To evaluate the effect of NO on melanogenesis, normal human melanocytes were incubated in the presence of different chemical NO donors. Melanocytes were treated for 4 d in the presence of SNP (readily released) or SNAP ( t 1/2 ϭ 4.6 h). 24-h-old solutions of NO donors (which only contain the inactive by-products) were used as control. Trypan blue exclusion method was used for cell viability estimation. Thus, treatments with SNAP 100, 200, and 400 M induced, respectively, 8 Ϯ 4, 15 Ϯ 3, and 30 Ϯ 5% of melanocyte death, and treatments with 50, 100, and 200 M of SNP induced, respectively, 10 Ϯ 2, 13 Ϯ 3, and 21 Ϯ 4% of cell death (mean of four dishes Ϯ SE).
Measurement of nitrite
To measure nitrite production by human keratinocytes, keratinocyteconditioned media were collected 24 h after the last irradiation, centrifuged (15 min, 1,200 rpm) and 0.2-m filtered to remove cellular debris. Nitrite concentration was estimated by a spectrophotometric method based on the Greiss reaction as described by Wang et al. (39) .
Image analysis
Morphometric measurements were performed using a Biocom 500 (BIOCOM SA, Les Ulis, France) image analysis system coupled to a CCD video camera and a TMS inverted light microscope (Nikon Inc., Melville, NY). After treatment, cells were viewed using a 20 ϫ phase contrast objective and projected onto the video screen. Outlines of 100 cells of each experimental condition were acquired manually, quantitative measurements of maximal cell length were performed using the Mima software.
Enzymatic assays
All results were normalized to cell number or to protein amount/ assay dish using a protein kit assay (Bio-Rad Laboratories, Hercules, CA). 
Measurement of NOS activity
NOS activity was defined as the L-NMA (1 mM) inhibitable rate of conversion of L -[2-3-4-5- 3 H]arginine to L -[2-3-4-5-
Melanogenic activity assays Tyrosinase activity in living cells (tyrosinase activity in situ)
. The early rate-limiting step of the biosynthetic pathway of melanin (hydroxyla- (43) and Oikawa et al. (44) , during the last day of treatment, as previously described (8) 
H]tyrosine into newly synthesized catecholamines by keratinocytes, the method was adapted for coculture experiments: 3 h after the last irradiation, keratinocytes (the upper compartment of the melanocyte-keratinocyte coculture) were removed before adding the L -[ ring -3 Ј -5 Ј - 
Reverse transcription-PCR analysis
Total RNA from normal human keratinocytes were prepared using the RNAble kit (Eurobio, Strasbourg, France). First strand cDNA was made from 5 g RNA using the Moloney murine leukemia virus reverse transcriptase and oligo (dT) 15 as primers (Promega, Charbonniéres, France). For amplification of the cDNA, the following gene-specific primers were used: the cNOS primer set corresponded to nucleotide 4327-4344 (5 Ј -ACCCTGCAGGCCAAGAA-3 Ј ) and (5 Ј -GGAGCT-GAAAACCTCAT-3 Ј ), which is complementary to nucleotides 4712-4729 of human brain NOS cDNA (46). The iNOS synthase primer set were sense (5 Ј -ATGCCAGATGGCAGCATCAGA-3 Ј ) and antisense (5 Ј -ACTTCCTCCAGGATGTTGTA-3 Ј ) (47) . GAPDH primer set were from Clontech (Ozyme, France). The following cycling times and temperatures were used to amplify cNOS and iNOS transcripts: 35 cycles of 94 Њ C for 45 s, 47 Њ C for cNOS and 60 Њ C for iNOS for 60 s, and 72 Њ C for 90 s.
Western blot analysis
For NOS expression analysis, proteins (macrophages: 5 g; keratinocytes: 20 g) were separated by electrophoresis on 7.5% polyacrylamide gels, electrotransferred to nitrocellulose and developed for anti-brain cNOS or anti-iNOS immunoreactivity by the indirect immunoperoxidase method and enhanced chemiluminescence detection (Amersham Laboratories). Control macrophage cell lysate, antiiNOS and antibrain cNOS monoclonal antibodies were from Affiniti. For the analysis of the expression of the melanogenic enzymes expression, 15 g proteins were separated by electrophoresis on 10% polyacrylamide gels, electrotransferred to nitrocellulose, and developed for antityrosinase or anti-TRP-1 immunoreactivity by the indirect immunoperoxidase method and enhanced chemiluminescence detection (Amersham Laboratories). The rabbit anti-human tyrosinase used in this study was a kind gift of Dr. Rorsman (48) . The rabbit anti-PEP1 antibody, which recognizes the COOH terminus of the brown protein (TRP-1) (49) was kindly provided by Dr. Hearing. 
Results
Effects of UVA and UVB radiation on NO production by keratinocytes. First, we studied the effect of UV radiation on NO production by keratinocytes (Fig. 1 A) . For this purpose, nitrite concentration was determined in keratinocyte-conditioned media after 4 d of culture. Nonirradiated keratinocytes produced a basal amount of nitrite ranging between 3 and 5 nmol/ million cells. The amount of NO released by UV-exposed keratinocytes was markedly increased by photo treatments: threefold for UVA and fourfold for UVB. Additionally, we observed a rapid and marked stimulation of NOS activity in keratinocytes at 30 min after single UVA or UVB exposures (Fig. 1 B) . Further, this activity remained increased at 24 h after UV irradiation. These results show that UVA and UVB activate NOS, leading to an increased NO secretion. The study of the cofactors requirement for NOS activity showed a strong dependence upon calcium, suggesting the involvement of the cNOS rather than the iNOS in our system (data not shown).
Characterization of NOS in normal human keratinocytes required for UV-induced NO production. To formally identify the NOS isoform expressed in human keratinocytes, we performed reverse transcription-PCR assays on RNA extracted from cells exposed or not exposed to UV light (Fig. 2 A) . Using a primer set for specific cNOS type I (brain type), we amplified a 385-bp DNA fragment from the cDNA obtained in each condition. The sequence of the 385-bp PCR product was 100% homologue with the human brain NOS cDNA sequence (46). Using the iNOS-specific primer set on the same keratinocyte cDNA, no amplification could be detected. However, we detected the presence of iNOS cDNA (371 bp) in LPS/ INF␥-treated keratinocytes. Western blot performed with an anti-cNOS type I antibody (Fig. 2 B, top) showed a single band of 155 kD corresponding to cNOS that was not affected by the UV treatment. In macrophage extract, we detect a 135-kD protein that is probably the iNOS type, since the antibody used in this study is known to cross-react with iNOS. With an antiiNOS type II antibody (Fig. 2 B, bottom) , we detected the iNOS type II (135 kD) from the macrophage extract. In keratinocytes, iNOS is absent even after UV treatment. A coomassie staining of the electrophoresis gel (Fig. 2 C) revealed that each lane was loaded with the same protein amount. These results confirm the absence of iNOS in keratinocytes and suggest that the increase in NO production by UV-irradiated keratinocytes is due to an activation of cNOS.
Role of NO in the melanogenic effect of UV-irradiated keratinocyte conditioned media. Then we investigated the role of NO produced by keratinocytes in the melanogenic effect triggered by keratinocyte-conditioned media. Melanogenesis was estimated by measuring the activity of tyrosinase, the rate-limiting enzyme of melanin synthesis. Melanocytes cocultured with nonirradiated keratinocytes showed an 80% increase in tyrosinase activity compared with melanocytes alone (Fig. 3 A) . Moreover, the tyrosinase activity of melanocytes cocultured with UVA-or UVB-exposed keratinocytes was increased approximatively twofold compared with the tyrosinase activity of melanocytes cocultured with nonirradiated keratinocytes. This demonstrates that UV radiation induces keratinocytes to produce melanogenic agents. When the same experiment was performed in the presence of NO scavengers such as carboxy-PTIO (20 M) or Hb (1 mM), the melanogenesis observed in the presence of nonexposed keratinocytes was decreased. Interestingly, the stimulation of melanogenesis induced by irradiated keratinocytes was completly blocked by NO scavengers. Next, in the aim of characterizing the specificity of the NO scavengers in inhibiting tyrosinase activity, we stimulated tyro- Figure 3 . (A) Effect of conditioned media from UVA-and UVB-exposed keratinocytes on the tyrosinase activity of cultured melanocytes. Melanocytes were cocultured with keratinocytes as described in Methods. The keratinocyte compartment is exposed four times at 24-h intervals to the indicated dose and type of UV light. In some co-cultures, the NO scavengers, carboxy-PTIO (20 M), and Hb (1 mM) are added on the first day of phototreatment for the whole experiment period. Tyrosinase activity was determined using the in situ assay. sinase activity with cAMP-elevating agents in the absence or presence of these NO scavengers (Fig. 3 B) . ] ␣-melanocyte-stimulating hormone presented, respectively, a 2.5-and a 3.5-fold increased tyrosinase activity. This increase was not significantly modified by the addition of NO scavengers, demonstrating the specificity of these products. Taken together, these results show that NO is involved in the melanogenic effect evoked by keratinocyte's conditioned media.
Effects of NO donors on human melanocytes dendricity, growth, and melanization. Since conditioned media from keratinocytes contains numerous agents that have been reported to influence melanocyte growth, dendricity, and melanization, we studied the effect of NO alone on these parameters. To investigate the effects of NO on melanocyte proliferation, cells were treated with increasing concentrations of two different chemical NO donors, SNAP and SNP. Growth measurements were performed by counting the cell number in triplicates, every day for a 7-d period. High concentration of SNAP (400 M) totally inhibited melanocytes proliferation (Fig. 4 A) . After a 7-d treatment, lower concentrations of SNAP (200 and 100 M) were found to inhibit melanocyte proliferation by, respectively, 50 and 15%. The second NO donor, SNP, was also found to decrease melanocyte growth in a dose-dependent manner (Fig. 4 B) . However, the maximal inhibitory effect was ‫ف‬ 40% compared with total inhibition obtained with SNAP.
NO donors also affected melanocytes' morphology (Fig. 5) . Indeed, melanocytes grown in minimal growth medium mostly appeared bi-or tri-polar with large cytosolic prolongations and enlarged cytoplasm. 4 d of treatment with 200 M SNAP induced a substantial raise in cell length (2.3-fold) and in the number of dendritic processes (Table I) .
Next, we evaluated the effect of chemical NO donors on melanization. Melanocytes were treated for 96 h with NO donors, and then the tyrosinase activity and melanin neosynthesis were measured (Fig. 6 A) . Both NO donors markedly enhanced the tyrosinase activity in a dose-dependent manner to reach a threefold stimulation with 400 M SNAP and a fivefold stimulation with 200 M SNP. SNAP and SNP also increased melanin neosynthesis in a dose-dependent manner, as shown by the augmentation of [ TCA-precipitable materials. The maximal stimulations with SNAP and SNP reached, respectively, 2-and 3.5-fold. To define if this effect was a consequence of a decreased proliferative rate induced by the SNAP treatment (200 M SNAP for 96 h), we evaluated tyrosinase activity of melanocytes grown in minimal medium supplemented with 10% FCS (Table II) . Under these conditions, melanocytes treated with 200 M of SNAP presented the same proliferative rate as untreated cells grown in minimal medium, while a stimulation of tyrosinase activity was still observed upon the SNAP treatment. This finding indicates that NO appears to be a specific element in the melanogenic process. Then we studied the effect of SNAP on the expression of tyrosinase and TRP-1 in melanocytes (Fig. 6 B) . A coomassie blue staining of the SDS-PAGE (Fig. 6 C) revealed that each lane of the electrophoresis gel was loaded with the same protein amounts. The dose-dependently increased melanin synthesis observed in melanocytes treated with SNAP was correlated with an increase in the amount of both tyrosinase and TRP-1.
Discussion
The present study shows that UV radiation, which is the main physiological stimulus for human skin pigmentation, activates human keratinocyte NOS with subsequent NO release in culture media. In addition, we demonstrate that NO, derived from chemical NO-donors as well as NO produced by UVexposed keratinocytes, increases melanogenesis in human melanocytes, favoring the idea that NO is a keratinocyte-derived mediator involved in the control of melanogenesis.
Primary cultures of human keratinocytes have also been reported to respond to LPS/INF␥ or TNF␣ by producing NO, suggesting the expression of an inducible type of NOS in response to inflammatory stimuli (24, 25, 47) . In addition, UV radiation stimulates the release of proinflammatory cytokines (TNF␣, IL-1) by keratinocytes. It is tempting to propose that the effect of UV on NO production by keratinocytes is due to (50) and that UVB exposure of the transformed keratinocyte cell line, SCC-13, enhanced NOS activity that was identified as a constitutive NO synthase regarding its strong dependence towards calcium (51). The mechanisms by which UV radiation activates cNOS remain puzzling. Nevertheless, it can be proposed that UV increases one of the cofactors involved in cNOS regulation, such as calcium, NADPH, or tetrahydro-biopterin (6-BH4) required for the enzymatic activity. Interestingly, UV radiation has been reported to upregulate total biopterin levels in human epidermis (52). Particularly in keratinocytes, this elevation could result in cNOS activation. Further, it should be noticed that 6-BH4 cofactor plays an essential role in the control of the synthesis of L-tyrosine (53) and bind to activate tyrosinase (54) . Since L-tyrosine constitutes the first substrate in the melanin synthesis cascade controlled by tyrosinase, 6-BH4 could also directly regulate melanogenesis.
Compelling data have been gathered indicating that NO is involved in various networks of paracrine regulation. For example, NO freely diffuses from endothelium to vascular smooth muscle cell and across neuronal synapses to evoke a biological response (29) . During the pigmentation process, melanocytes and keratinocytes closely interact within the epidermal-melanin unit. Therefore, NO produced by UV-irradiated keratinocytes could act as an intercellular mediator to regulate the melanogenesis of neighboring melanocytes. Indeed, melanogenic effects of conditioned media from both UVA/UVBexposed keratinocytes are markedly impaired by NO scavengers. However, the melanogenic effect of control keratinocytes is weakly affected by NO scavengers. These results indicate that NO plays a pivotal role in UV-induced melanogenesis. Recent reports indicate that keratinocytes produce melanogenic agents such as ET-1 (18), GM-CSF (19) , and ␣-melanocyte-stimulating hormone (55) . Hence, NO could exert its melanogenic effects indirectly through the release of these melanogenic agents by keratinocytes. This hypothesis has been ruled out since melanocytes responded to chemical NO donors by increasing tyrosinase activity and melanin neosynthesis. The activation of melanogenesis, the induction of tyrosinase and TRP-1 expression by NO donors, and the inhibition of melanogenic effect of conditionated media from UV-exposed keratinocytes by NO scavengers converge to demonstrate that NO by itself is a potent stimulator of melanocyte melanogenesis and strengthen the pivotal role of NO as paracrine mediator in UV-induced skin pigmentation. Moreover, we have previously demonstrated that UV radiation upregulates tyrosinase and TRP-1 levels in human melanocytes (8, 32) . Our new data raise the hypothesis that in vivo, NO derived from irradiated keratinocytes would potentiate the induction of tyrosinase and TRP-1 expression by UV.
In vivo, within 48 h after UV exposure, the epidermal melanocytes undergo cell proliferation with increased levels of tyrosinase activity (56, 57) . This phenomenon is accompanied by an arborization and an increased length of dendritic processes, followed by enhanced synthesis and transfer of melanosomes to keratinocytes through the dendrites (58, 59) . In vitro studies have demonstrated that UV radiation directly induces dendricity and melanin production in melanocytes. Nevertheless, the UV-induced proliferation observed in vivo was not present in vitro (7, 8) . Similarly, NO donors induced melanocyte dendricity and inhibited the proliferation of cultured human melanocytes. This inhibition was not related to a cytotoxic effect since cells appeared healthy, without apparent evidence of damage and excluded trypan blue. In fact, the antiproliferative effect of NO is likely due to a stimulation of cell differentiation as it has been described in pheochromocytoma PC12 cells (60). Our data concerning the induction of melanocyte differentiation, in terms of dendricity and melanogenesis, support this concept.
On the other hand, ET-1, another UVB-induced keratinocyte-derived factor stimulates both proliferation and melanization of melanocytes (20) . These observations strengthen the concept that several factors which may have opposite effects contribute to the final regulation of melanocytes growth and differentiation in vivo (15) .
In summary, our data demonstrate that UV increases NO production by activation of cNOS keratinocytes and that NO is involved in the network of paracrine regulation triggered by UV, leading to the stimulation of skin pigmentation. This hypothesis remains to be confirmed in animal models and in human skin. Nevertheless, this study provides meaningful clues concerning the mechanism underlying UV-induced pigmentation of human skin and facilitates our fundamental understanding of melanogenesis.
